Intracellular alkalinization is known to be associated with tumorigenic transformation. Besides phenotypical alterations alkali-transformed Madin-Darby canine kidney (MDCK) cells exhibit a spontaneously oscillating cell membrane potential (PD). Using single-channel patch clamp techniques, it was the aim of this study to identify the ion channel underlying the rhythmic hyperpolarizations of the PD. In the cell-attached patch configuration, we found that channel activity was oscillating. The frequency of channel oscillations is 1.1+±0.1 min'.
Introduction
It is well known that cells alkalinize during proliferation (see reference 1 for a review). Moreover, intracellular alkalinization is also recognized as a possible pathogenetic mechanism of carcinogenesis (2) dog kidney, could be transformed by prolonged exposure to an alkaline growth medium (3) . Alkali-induced transformation of MDCK cells resulted in dramatic changes of cell morphology with loss ofcontact inhibition and pronounced pleomorphism. Some ofthese acquired morphological characteristics have also been described for MDCK cells transformed with viral ras-oncogene (4) or with viral tyrosine kinase pp60v- (5) . Functionally, alkali-transformed MDCK cells, hereafter referred to as MDCK-F cells according to their ability to form foci, are distinguished from their parental cells by a spontaneously oscillating cell membrane potential (6) and by constant migratory activity (7) . In contrast, parent MDCK cells have a constant cell membrane potential (8, 9) , and they do not migrate.
Transformation also induces oscillations of the cell membrane potential in fibroblasts. Whereas nontransformed fibroblasts only transiently hyperpolarize after the addition of bradykinin, ras-transformed fibroblasts exhibit sustained oscillations of the cell membrane potential and of intracellular Ca2" concentration ( 10, 11) .
Using single-channel patch clamp techniques, we wanted to identify the putative K+ channel underlying the rhythmic hyperpolarizations ofthe cell membrane potential in alkali-transformed MDCK cells. Microelectrode studies suggested a Ca" -activated K+ channel (6) . Such a channel has been described in nontransformed MDCK cells, too, and its regulation has been studied extensively (12, 13) . Furthermore, it is known that ras-transformation of fibroblasts leads to the expression of a novel Ca2+-activated K+ current (14) . Therefore, we were particularly interested in the properties of the putative Ca2`-activated K+ channel in alkali-transformed MDCK cells. We raised the following questions: Is it a novel channel? Is it a modified form, or is it the "original" channel as it is found in nontransformed parent MDCK cells?
Our results show that alkali-transformed MDCK cells express the "original" Ca2+-activated K+ channel, thereby implying modifications of its regulators.
Methods
Cell culture. Experiments were carried out on MDCK-F cells. As 
Results
In a first series of experiments, we looked for spontaneous channel activity in the cell-attached patch configuration. Using identical experimental solutions (bath, control Ringer's solution; pipette, 140 mmol/liter KCl) as in our previous study performed in parent MDCK cells ( 13), we found, in contrast to the former ones, spontaneous rhythmic channel activity. Fig. 2 provides an example of a representative experiment. Periods with high channel activity can be clearly separated from periods in which the channels remain closed. In this example, at least four channels are intermittently activated.
To correlate the observed rhythmic channel activity with oscillations of the cell membrane potential (6), we next analyzed whether both (i.e., cell membrane potential and K+ channels) are oscillating with a similar frequency. These results are summarized in Fig. 3 . We measured a frequency of 1.1±0.1 minm-' (n = 16) for oscillations of channel activity. This is virtually the same frequency as previously measured for oscillations ofthe cell membrane potential (6), thereby indicating a close correlation between channel events and hyperpolarizations of the cell membrane potential. When the cell membrane potential hyperpolarizes, the driving force for K+ ions to move from the pipette into the cell will increase, and the single channel amplitude should rise. In our experiments, we determined the following values for single-channel current amplitudes during periods of high channel activity and during periods with low channel activity. During high activity that is at the peak ofan oscillation, single-channel current amounted to -2.7±0.05 pA, whereas in the resting -Vpjp = -20 to -60 mV) and of 27±5 pS for outward current (pipette potential ranged from -VPiP = 40 to 60 mV). Fig. 6 represents the corresponding current-voltage relationship of seven experiments. These are virtually identical conductances as described for the K+ channel from normal MDCK cells. Inward rectification had also been confirmed in exised patches using symmetrical solutions with 140 mmol/liter KCl ( 13) .
Given the resting cell membrane potential of -20--25 mV (6) and the composition of the pipette solution ( 140 mmol/ liter KCl), the reversal potential of20 mV is indicative ofa K+ channel. This is confirmed in experiments using the inside-out patch configuration. The channel is selective for K+ over Na'.
The relative channel selectivity was determined from the shift of the reversal potential ( -40 mV) after a change of the bath solution from control Ringer's (140 mmol/liter NaCl, 5 mmol/liter KCI) to one containing 140 mmol/liter KCL. The selectivity ratio K4/Na4 is . 5:1 (n = 5), which is the same value as in parent MDCK cells.
We then examined the kinetic behavior of the channel in the inside-out patch configuration with control Ringer's solution containing 1 Fig. 7 . The channel is virtually closed at a free Ca`a ctivity of 100 nmol/liter and reaches its half maximal activity at a Ca2`concentration of 10 imol/liter. Hence, K+ channels in MDCK-F cells exhibit a 10 times higher Ca2`sensitivity than K+ channels from parent MDCK cells ( 13) .
In addition to the 53-pS Ca2"-sensitive K+ channel, we found a second K4 channel with a slope conductance of 13±2 pS. This channel can be seen in Fig. 2 as small deflections ofthe baseline current and in Fig. 8 recorded in the inside-out patch configuration. We could find no evidence for oscillating activity of this channel in the cell-attached patch mode. Moreover, as evident from Fig. 8 , in inside-out patches it showed no Ca2+ sensitivity. Hence, it is unlikely that the small K+ channel is underlying the oscillating cell membrane potential.
Discussion
MDCK cells transformed by sustained alkaline stress have acquired new characteristic properties which clearly distinguish them from "normal," nontransformed MDCK cells (3).
-V pip=OmV MDCK-F cells lack contact inhibition, they migrate over the bottom of the culture flasks (7) and, most importantly in the context of this study, they exhibit an unstable cell membrane potential with spontaneous hyperpolarizations (6) . In this study we characterized the K+ channel underlying the instability ofthe cell membrane potential. We identified a Ca2"-sensitive K+ channel with almost identical biophysical properties as the K+ channel from nontransformed MDCK cells. This also includes the voltage insensitivity of the channel in the physiological voltage range (results not shown). One could have anticipated a model in which the channel was activated at depolarized (i.e., -20 mV) and inactivated at more hyperpolarized cell membrane potentials (i.e., -40 mV) thereby causing periodic fluctuations of the cell membrane potential. However, the rhythmic changes of channel open probability cannot be accounted for by a voltage dependence ofthe channel. Therefore, the oscillating K+ channel activity cannot be explained on the basis of a modification of the biophysical properties of the channel protein itself.
Our experiments rather point to modified regulators of the K+ channel in transformed MDCK cells. In parent MDCK cells, the K+ channel is regulated by protein kinase C, which dramatically increases its Ca2" sensitivity in the inside-out patch configuration ( 13) . The notion of a modified regulation ofthe K+ channel in MDCK-F cells is supported by the following observations: In parent MDCK cells no spontaneous channel activity is present in the cell-attached patch configuration.
The Ca"2-sensitive K+ channel has to be activated by agonists such as serotonin or minoxidil sulfate which exert their effect via the PKC signalling pathway ( 12, 13 were found. Moreover, in ras fibroblasts pretreated with lithium, elevated levels of 1,4,5-inositol-triphosphate were found and bradykinin also caused oscillations of the cell membrane potential. These experiments provide strong evidence for the involvement of the protein kinase C signaling pathway in generating oscillations ofthe cell membrane potential in ras-transformed NIH 3T3 fibroblasts. They are in good agreement with experiments in ras-transformed rat fibroblasts in which activation of protein kinase C and enhancement of phosphoinositol metabolism was observed (20) . Interestingly, in normal MDCK cells oleoylacetylglycerol, a synthetic activator of protein kinase C, elicits oscillatory activity of the Ca2"-sensitive K+ channel, too ( 13) . It is therefore tempting to speculate that protein kinase C also plays a crucial role in modulating spontaneously oscillating K+ channel activity in alkali-transformed MDCK cells. Further experiments are needed to determine whether the increased Ca2" sensitivity of the 53 pS K+ channel can be accounted for by a permanent activation of protein kinase C in alkali-transformed MDCK cells.
As already pointed out, transformation of MDCK cells does not affect the biophysical properties of the channel protein. Similarly, normal and carcinomatous murine mammary carcinoma cells also express the same Ca2+-activated K+ channel. In normal mammary epithelial cells, oscillatory K+ channel activity can be induced by epidermal growth factor, whereas K+ channel activity is spontaneously oscillating in carcinomatous mammary cells (21, 22) . These authors discussed the possibility that oscillating K+ channels might be related to the proliferation of mammary cells. This would be consistent with observations made in fibroblasts in which mitogens such as FCS induce oscillations ofintracellular Ca2 -and ofa Ca2+_ sensitive K+ current (23) . It is also well known that cell divisions of oocytes are accompanied by oscillations of the cell membrane potential and of intracellular Ca2+ (24) .
We do not believe that oscillating K+ channel activity is related to altered proliferation of MDCK-F cells, since growth ofnontransformed MDCK cells and ofMDCK-F cells does not differ when observed for 8 d (unpublished observation from our laboratory). However, we have evidence that oscillatory K+ channel activity is related to migration of MDCK-F cells. MDCK-F cells are spontaneously migrating over the bottom of the culture flask at a rate of 0.9 ,m/min (7) . In contrast, nontransformed MDCK cells whose cell membrane potential is not oscillating do not change their position when observed over extended time periods. Moreover, recent experiments demonstrate that K+ channel blockers such as barium or tetraethylammonium (7) also interfere with cell motility, thereby pointing to the functional link between K+ channel oscillations and migration. In human neutrophils, a correlation between oscillations and migration was postulated, too. Here, transient increases of intracellular Ca2+ were found to be required for the cells to migrate (25).
In summary, we identified a 53-pS Ca2 -sensitive K+chan-nel as underlying spontaneous oscillations of the cell membrane potential of alkali-transformed MDCK-F cells. Nontransformed parent MDCK cells express a virtually identical K+ channel. We conclude that oscillations of the cell membrane potential of alkali-transformed MDCK cells cannot be explained on the basis of a modification of the biophysical properties of the Ca2"-sensitive K+ channel, but rather by a modification of its regulators.
